Room temperature photoluminescence from nanostructured amorphous carbon by Henley, SJ et al.
Room Temperature Photoluminescence from
Nanostructured Amorphous Carbon
S. J. Henley∗, J. D. Carey, and S. R. P. Silva
Nano Electronics Centre, Advanced Technology Institute,
School of Electronics and Physical Sciences,
University of Surrey, Guildford, GU2 7XH, UK
Abstract
Visible room temperature photoluminescence (PL) was observed from hydrogen-free nanostruc-
tured amorphous carbon films deposited by pulsed laser ablation in different background pressures
of argon (PAr). By varying PAr from 5 mTorr to 340 mTorr the film morphology changed from
smooth to rough and at the highest pressures low density filamentary growth was observed. Over
the same pressure regime an increase in the ordering of sp2 bonded C content was observed us-
ing visible Raman spectroscopy. The origin of the PL is discussed in terms of improved carrier
localisation within an increased sp2 rich phase.
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The large variation in the properties of carbon films, deposited by different techniques,
principally arises from the different bonding configurations available. Carbon can hybridise
with varying percentages of sp1 (acetylene like), sp2 (graphite like) and sp3 (diamond like)
bonding1. The pulsed laser ablation (PLA) of graphite, in vacuum, has typically been used
to produce smooth, hard, high density amorphous carbon (a-C) films with high sp3 content
(upto 90%)2,3 due to the local densification, on the impact of high energy C atoms/ions,
favouring the formation of the sp3 phase. The optical properties of carbon films are largely
governed by the sp2 phase, with the tribological properties determined by the sp3 phase.
However, in these nanocomposite materials, some care must be exercised in extracting and
interpretation of the Tauc band gap and the Urbach energy.
Photoluminescence (PL) in amorphous carbon, is thought to occur due to the radiative
recombination of electrons and holes in the band-tail states created by sp2 rich clusters4,5.
PL has been extensively studied for polymeric a-C:H films4,6,7, where an increase in the
PL intensity has been observed for increasing H content7. In this letter we investigate
the PL properties of hydrogen-free a-C films deposited by PLA of graphite in background
pressures of argon. Unlike in vacuum, these conditions have been shown to produce low
density nanostructured amorphous carbon (NAC) films8,9. Such films have been shown to
have useful properties including low thresholds for electron emission10 and high porosities9.
Films were deposited by PLA of a 99.999 % pure pyrolytic graphite target (Kurt J. Lesker)
using a Lambda-Physik LPX 200 excimer laser operating at 248 nm. The laser pulse was
focused onto the rotating target, producing a fluence of ∼ 6 J/cm2. The growth chamber
was evacuated using a turbo-molecular pump to 9× 10−8 Torr, then back-filled with argon
to the required pressure. Films were deposited onto Si substrates at a range of different
background pressures of argon (PAr) from 5 mTorr to 340 mTorr. The target to substrate
distance was fixed at 6 cm. Between 2000 and 5000 laser shots were used, depending on the
background pressure in order to keep the film thickness constant as it was affected by PAr.
The morphology of the films was investigated in a Hitachi S4000 field emission gun
scanning electron microscope (SEM). The structure and bonding configuration in the films
was investigated by visible Raman spectroscopy (Renishaw Ramanscope) using two different
laser wavelengths 488 nm and 514 nm. The PL measurements were also performed using the
system with the 488 nm laser, which was also equipped with a cryostat (Oxford Instruments)
that allowed measurements at substrate temperatures down to 6K.
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After deposition the surface morphology of the films was examined in the SEM. Figure 1
shows SEM images of a range of samples deposited at different PAr. At the lowest PAr
used (5 mTorr) the films deposited were hard, scratch resistant and demonstrated a smooth
morphology (see figure 1(a)). As PAr was increased to 40 mTorr (figure 1(b)) the films
became much rougher and nanoscale clustering was observed in the SEM. The size of these
clusters is estimated as 15±3 nm. As PAr was again increased to 100 mTorr, the clustering of
the film become more pronounced and the clusters became larger in size, ∼45 nm. The films
deposited at 100 mTorr could be easily scratched off with a pin-point, indicating a much
lower hardness. By 340 mTorr the film morphology had changed from nanoscale clusters
to more filamentary growth. It was possible to remove these films by rubbing the surface,
indicating a further reduction in film density with increasing PAr.
After characterising the structure of the films, the optical properties were investigated
using Raman and PL spectroscopy. Figure 2(a) shows a series of PL spectra taken at room
temperature using visible (488 nm) excitation. These spectra show a variety of features.
Firstly we observe the sharp Raman signal at around 529 nm. For comparison these spectra
have all been normalised to the intensity of the Raman peak. As the thickness and porosity
of the films varied with the background pressure, normalising to the Raman peak is the only
sensible method for comparing the luminescence. To a fair approximation, the Raman signal
will be proportional to the film thickness. Higher in wavelength than the Raman signal is a
broad PL feature that appears to be split into different bands. Figure 1(b) shows the spectra
obtained from the film deposited at PAr = 80 mTorr, and has been fitted with 4 Gaussian
functions to separate the contribution of the different bands. The first band, at around 575
nm, is quite sharp and appear not to vary significantly in intensity with PAr, so maybe the
second order Raman peak. The other bands however, swap in relative intensity at different
values of PAr. Similar shaped PL spectra have been observed from a-C:H samples deposited
by DC-magnetron sputtering7. The majority of the PL intensity detected appears to come
from the broad band centred at around 700 nm. The intensity of this band increased as the
PAr was raised. PL measurements were also performed at low substrate temperatures (7
K), again using 488 nm excitation, but only a weak temperature dependence of the PL was
observed. A similar weak temperature dependence of the PL intensity has been observed
in a-C:H samples11 and can be associated with the broad band tail states which give rise to
highly localised and polarised intra-sp2 cluster PL emission.
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The Raman spectrum for each sample was measured using 514 nm excitation. A selection
of these spectra are shown in figure 3(a) and (b). The Raman spectra are characterised as
a combination of two bands, typically labelled the D and G peaks and are attributed to
the breathing mode of aromatic rings and in-plane bond-stretching of pairs of sp2 bonded C
atoms, respectively12–14. For 514 nm excitation the D peak is typically located at 1335 cm−1
and the G peak is typically found in the range 1580 ± 20 cm−1. In order to characterise
the films, the Raman spectra were fitted using a Breit-Wigner-Fano line for the G peak
and a Lorentzian for the D peak13. For the films deposited at low PAr (below ∼ 15 mTorr)
the complete Raman line shape can be fitted without the need for the D peak. This is
characteristic of ta-C, where the ratio of the peak intensities of the D and G peaks (ID/IG)
tends towards zero as the fraction of sp3 bonded C increases. As PAr increased the Raman
line shapes could only be fitted by including an increasing contribution of the D peak. This
indicated that the fraction of sp2 bonded C present in the films increased, accompanied
by an increase in ordering due to the formation of larger clusters of aromatic rings13. The
Raman data presented here are similar to those of Siegal et al9 who saw little change in
the Raman spectra with increasing PAr, during PLA, in the range 175–300 mTorr. We also
observe that, although the density of the films is very low, the Raman spectra are similar
to those of high density a-C, unlike the films deposited by cluster-assembly15.
For comparison the ratio ID/IG is plotted as a function of PAr in figure 4(a). Also plotted
(figure 4(b)) is the relative PL intensity over the same pressure range. This was estimated
by taking the area of the large broad band observed during the fitting of the PL spectra
(see figure 2(b)). It can be readily observed that the increase in the PL intensity correlates
well with the increase in ID/IG. This suggests that the enhanced PL, with increased PAr, is
a consequence of carrier localisation within an increasing number of sp2 rich clusters.
As PAr is increased the velocity of carbon atoms and ions in the plume is expected to
decrease due to collisions. By imaging the optical emission from the plume (S. J. Henley et
al., unpublished), it was demonstrated that the C+ ion velocity reduced from ∼42 km/s in
vacuum (equivalent to a kinetic energy of ∼100 eV, a regime in which dense ta-C films are
deposited), to diffusion limited velocities at 340 mTorr. At the higher PAr the formation of
carbon clusters in the gas phase, along with the reduction in the C atom/ion velocity by
impacts is expected to produce low density sp2 rich films, as is observed. The coalescence of
these clusters produces the rough nanostructure observed in the SEM. However by PAr=340
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mTorr, the observed filamentary nature of the films may be a due to the clusters arriving
at energies too low for coalescence to occur.
In conclusion, it has been shown that the PL intensity from hydrogen-free a-C, grown by
PLA, increases as the PAr used during deposition, was increased. As the background pressure
was raised the film morphology changed from smooth coatings to rough, nanostructured
films and then onto low-density filamentary growth. This transition was accompanied by an
increase in the ordering of the sp2 content of the films, as measured by Raman spectroscopy.
It is suggested that an increased PAr, during deposition, increases the density of sp
2 rich
clusters in the film. Carrier localisation within these clusters is then responsible for the
enhanced PL.
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Figure Captions
FIG. 1: SEM images of a range of samples deposited at different PAr. (a) 5 mTorr, (b) 40 mTorr,
(c) 100 mTorr and (d) 340 mTorr. Note the different scale bars on the images.
FIG. 2: Plots of PL spectra using 488 nm excitation. (a) Spectra for a range of samples deposited
at different PAr. Trace (i) corresponds the film grown with PAr= 150 mTorr, (ii) 80 mTorr, (iii) 50
mTorr (iv) 40 mTorr, (v) 15 mTorr and (vi) 11 mTorr. (b) Plot of the 4 Gaussian fit to spectrum
(ii).
FIG. 3: Plots of visible Raman spectra for NAC films. Trace (a) corresponds to the film grown
with PAr= 5 mTorr, (b) 11 mTorr, (c) 50 mTorr, (d) 150 mTorr and (e) 340 mTorr. Fits to the
data are included for traces (a) only using the G peak and (e) using both D and G peaks.
FIG. 4: (a) Plot of ID/IG obtained from fits to the Raman data shown in figure 3. (b) Plot of the
relative PL intensity as a function of PAr.
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Figure 1. Simon Henley - APL
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